The laser has found numerous applications in medicine, beginning with uses in ophthalmology in the 1960's. Today, lasers are used in tissue cutting, blood coagulation, photo-dynamic cancer therapy, arterial plaque removal, dental drilling, etc. In this paper, we examine those areas of laser medicine in which plasmas (ionized gases) are produced. In fact, the presence of a plasma is essential for the application at hand to succeed. We consider examples of the plasmas produced in ophthalmology (e.g. lens membrane destruction following cataract surgery), in urology and gastroenterology (e.g. kidney and gall stone ablation and fragmentation) and in cardiology and vascular surgery (e.g. laser ablation and removal of fibro-fatty and calcified arterial plaque). Experimental data are presented along with some results from computer simulations of the phenomena. Comments on future directions in these areas are included.
cal -thermionic emission or multiphoton production of free electrons leading to dielectric breakdown and plasma production. We will concern ourselves in the remainder of this paper with the electromechanical regime -the one in which a plasma is produced.
It is worthwhile to note that non-laser produced plasmas appear in biology and medicine. In paleobiology, for example, it has been speculated that amino acids, essential to life, could have been formed in Earth's primordial atmosphere by lightning discharges. Thus life may owe its origin to a plasma process. In addition, RF eleciric discharges have been used in dermatology to remove skin growths, in general surgery to remove diseased tissue (the technique is commonly referred to as electrocautery), and in urology to fragment kidney stones (the technique is known as electrohydraulic lithotripsy). It is even possible that medical research will yet investigate a plasma (liquid part of the blood) plasma (ionized gas)! We will concern ourselves here, however, with the work on plasmas in medicine by urniting our scope to those plasmas which are produced by lasers.
H. LASER PRODUCED PLASMAS IN OPHTHALMOLOGY
Almost since the invention of the laser in the early 1960's, lasers have been used in a wide range of ophthalmic procedures. Laser produced plasmas in ophthalmology, however, are more recent, appearing to date from the work of Krasnov [3] , Bass et al. [4] , van der Zypen et a!. [5] and Aron-Rosa et al. [6] . These researchers used short pulsed ruby, dye or Nd:YAG lasers (tens of ns to one is laser pulse duration, tens of mJ laser energy, tens of pm laser spot diameter). The laser light was focused by an external lens upon structures within the eye, producing a plasma. The researchers [5, 6] hypothesized that following the plasma production, shock waves were produced which caused the observed tissue destruction. The ophthalmologic procedures in which plasmas are produced include: (1) shattering of the opaque posterior capsule (capsulotomy) which remains in the eye following cataract removal and artificial lens implantation [6] ; (2) puncturing an opening in the iris (iridotomy) to reduce intraocular pressure in glaucoma [3, 4, 7] ; and (3) destroying opaque strands within the vitreous humor [8] . For reference, we show in Fig. 11-1 a diagram of the human eye [9] . The posterior capsule refers to the membrane forming the lens surface nearest to the vitreous. The iris and the vitreous are also shown. The term photodisruption has become accepted parlance among ophthalmologists for the effeet of the laser in the above mentioned procedures.
Following the research of van der Zypen and Aron-Rosa, work was commenced on understanding the physical phenomena involved in the laser interaction. Questions concerning the characteristics of the plasma produced, the efficacy of plasma shielding, the utility of concomitant shock or acoustic waves, the short term and long term damage risk to nearby tissue, etc. were addressed. Research was concentrated on breakdown and subsequent phenomena for lasers focused in liquid media (saline, water, vitreous, etc). Let us consider the phenomena studied to date, both during and following the laser pulse, and their effects.
A. Phenomena for 0 <t < 'r laser
The physical phenomena which are likely taking place in the laser interaction are the following [1O}. Free electrons are initially produced either by multiphoton effects or via thermionic emission. These electrons grow in number and are themselves accelerated in the laser field to lead to avalance breakdown. The resulting plasma then grows until it achieves dimensions comparable to the focal spot diameter. The plasma continues to grow and absorb the laser light which impinges upon the focal volume, now by inverse bremsstrahlung absorption [1 1] .
The optical breakdown aspect of the laser pulse focused in saline was studied by a number of researchers [10] , [12] - [16] . Saline is used as a model material for various kinds of tissue. Both Q-switched and mode locked Nd:YAG lasers were employed. It was noted that "Optical breakdown with plasma formation was detected as a visible spark to a dark adapted observer" [10] . The results of the breakdown threshold studies for the two different laser types are given in Table 1 . It is worthwhile to note that the thresholds fall near or within the electromechanical region defined by Boulnois [2] as shown in Figure 2 . Variations in breakdown threshold between groups using similar lasers appear to be due to important differences in laser pulse shape and/or bubbles and impurities in the saline medium. [17] show the peak emission lagging the peak of the laser pulse by 15 ns. The reason for the inconsistency between ruby and Nd:YAG lasers is not understood. Bremsstrahlung emission, whose strength at any time should scale as the electron density squared, appears to be responsible for the observed luminescence [19] . Docchio [19] has also shown that both electron-ion recombination and electron-neutral attachment are important processes in the decay of the luminescence radiation.
The temporal and spatial evolution of the breakdown plasma has also been studied by Docchio et al. [18] & [20] . Experiments in distilled water, using 12 ns Nd:YAG laser pulses, were diagnosed with a streak camera and a photomultiplier. It was found that following breakdown, the plasma grows in time as a cylindrical column, toward the laser (away from the focal point). The portion of the plasma nearer to the laser, shields the plasma closer to the focal point causing the luminescence signal near focus to decay. The longest duration luminescence signal occurs for the plasma formed nearest to the laser. Using a moving breakdown model augmented by a distributed plasma attenuation of the laser beam, the authors have fit rather well the spatial and temporal evolution of the plasma luminescence in the nanosecond regime.
B. Phenomena for t > 'r laser Following the end of the laser pulse, the plasma cools and expands. The physical phenomena present were first elucidated clearly by Felix and Ellis [21] , although much work on laser produced plasmas in liquids came before [17, 22, 23] . First there is the emission of a shock wave into the surrounding liquid medium. The shock which propagates initially at supersonic speed slows to sonic within the first 100 pm [14,16] (see Fig. 11-2 Fig. 11-3 ). As time passes, the cavitation bubble grows in size, reaching a maximum dimension which can be related to the energy of the bubble. The bubble then collapses. At the time of collapse, another acoustic transient is emitted, of energy somewhat smaller than that in the shock/acoustic transient. The cycle of growth to a maximum followed by collapse and emission of an acoustic transient may repeat several times before the cavitation bubble finally dissipates. The energy in the cavitation bubble, determined from its first maximum, is found to reach 7.5% of the energy in the incident laser pulse [24] . It is worthwhile to note that the maximum cavitation bubble radius has been shown experimentally to 'scale as the 1/3 power of the incident laser energy [16] , for a range of laser energies spanning nearly three orders of magnitude. This result provides an excellent confirmation of the classic relationship derived by Rayleigh [28] .
Quantitative information on cavitation bubble pressure can be obtained from the combination of pump-probe time resolved measurements with hydrophone recordings of acoustic transients [24] . For a hydrophone located 10 mm away from the laser focus in O.1N saline, pressures ranging from 50 bar for a 1.2 mm maximum diameter cavitation bubble up to 450 bar for a 5 mm maximum diameter cavitation bubble were obtained. The pressure scaled linearly with bubble maximum radius.
With quantitative information in hand on the energies going into the cavitation bubble and first acoustic transient, we can make order of magnitude comparisions with the phenomena shown in Fig. 1 . Vaporization and ionization receive energy directly from the laser light while the acoustic transient and cavitation bubble receive their energy from the vaporization and ionization. Let us assume that the laser light is absorbed in a cylinder with radius 6.5 pm (see Ref. 24 ) and length 362 pm (see Eq. 5 in Ref. 20) for a 4 mJ laser pulse with breakdown threshold of 0.7 mJ. Let us further assume the plasma temperature of 15,000 deg. Kelvin (1.29 eV) as given in [17] , the only spectroscopic temperattire determination of which we are aware. Then the amounts of energy estimated to be needed for vaporization and ionization are 0.11 mJ and 0.60 mJ respectively. These energies, although rough estimates, are comparable tO the energies found experimentally for the acoustic transient and the cavitation bubble, 0.14 mJ and 0.30 mJ respectively [24] .
C. Effects of the Laser-Produced Plasmas
Laser produced plasmas in ophthalmology have a wide range of effects. These include such direct effects as mem-brane destruction in the posterior capsulotomy and iridotomy and indirect effects such as plasma shielding of the retina and retinal damage by acoustic waves. Research both in vivo and in vitro has tried to determine the importance and risks of these direct and indirect effects and suitable laser parameters to accomplish the desired therapies while minimizing deleterious consequences.
Tissue disruption, the most striking effect of laser produced plasmas in ophthalmology, was investigated in vitro using three different model systems [25, 29, 301 . In order to separate the effect of the plasma from that of the acoustic transient and cavitation bubble, the authors chose illumination geometries both parallel to (focus located tens to hundreds pm above the surface) and perpendicular to the target surface. Beilin et al. used a single cellular layer of onion . Acoustic transients and cavitation bubbles were not able to produce a membrane perforation. Zysset et al. [30] found however, that with the parallel focusing geometry, corneal endothelial cells could be damaged or removed and the underlying (Descemet's) membrane ruptured solely by acoustic transients and cavitation bubbles. The authors showed that the range of the damage scaled as the cube root of the laser energy [30] . The maximum radius of a cavitation bubble is known to scale in this same manner [16, 26] . Thus sensitive structures like comeal endothelium damage from acoustic transients and cavitation bubbles while perforation of more robust structures appear to require direct contact with the plasma.
Plasma shielding was investigated by Steinert et al. [12] , [13] and by Docchio et at. [31] . Once breakdown occurs and the plasma is formed, laser light which continues to fall upon the focal volume is absorbed, reflected or scattered. Thus the plasma shields structures within the eye (such as the retina) beyond the focal point. The straightthrough energy transmission of a laser beam focused in saline was measured. It was found that once threshold is exceeded, the plasma substantially reduces energy transmission along the laser beam path. The measured energy reduclion appears to lie in the range of 23% to 56% of the incident laser energy, for intensities above breakdown threshold. No systematic study of the energy reflected or scattered from the focal region was undertaken. The energy above that required to achieve breakdown likely is scattered, reflected and absorbed, providing additional local heating and pressure increase in the focal volume.
The ability to localize disruption within the eye to scales of a few jim improves as the laser pulse length is reduced. Zysset et al. have used time integrated luminescence to measure plasma dimensions of 30 .tm length and 8 jim width for ps Nd:YAG laser pulses at 8 pJ [16] . Because the size of the damage zone scales as the cube root of the laser energy [30] , lower energies are expected to produce more localized damage. Incisions in cornea! tissue, using ps and fs pulses, show characteristically smooth walls and minimal subsurface damage for energies in the tens of jiJ range for 532 and 625 nm lasers [321J. The incisions compare veiy well with those obtained using excimer lasers which rely on a photo-chemical rather than a plasma-mediated process for ablation. Surgery in the vitreous, very near the retina, may now be possible bt the use of these short pulse, low energy lasers.
Ill. LASER PRODUCED PLASMAS IN UROLOGY & GASTROENTEROLOGY
The laser was first proposed for use in urology to fragment kIdney stones, more than two decades ago, and experiments with pulsed ruby and CW CO2 lasers confirmed the utility of the approach [33] . Ten years later, Fair [34J showed that stones (also referred to as calculi) could be successfully fragmented by ruby laser (1 .8 J energy, 20 ns pulse) induced stress waves with pressures above about 3.2 kbar. The ability to produce such stress wave pressures depended on the presence of a laser produced plasma at the surface of the stone. It was not until the decade of the 1980's that suitable fiber-optic delivery systems were devised [35 -37] which made laser mediated lithotripsy (literally, stone breaking) a clinical reality [38 -40] . Progress with laser lithotripsy of gallstones has followed closely the work on kidney stones [41] and clinical success has been achieved here as well [42] . It is worth noting that ultrasound lithotripsy, which dates from the mid 1970's, is probably the more'popular of the non-surgical techniques available today for destroying and removing calculi. The laser mediated approach, however, offers advantages, possibly for elderly patients and for patients whose calculi are impacted or rest in areas where the ultrasound technique is ineffective.
In laser mediated lithotripsy, laser pulses from a high power dye laser (typical wavelength 0.5 -0.7 jim, pulse-length 1 jis, fluence of tens of J/cm2, pulse repitition rate 5 Hz) are delivered to the stone via a fiber optic cable passed into the body endoscopically. The fiber optic lip is either in contact with or within a few mm of the stone. Tens to hundreds of laser pulses are needed to fragment stones of most material compositions. The small fragments which result are then passed out of the body spontaneously, by irrigation or removed by further procedures. Success rates in clinical studies in excess of 90% have been reported with little evidence of collateral damage [38 -40] . In vitro experiments have shown that, in order for fragmentation of the kidney stones or gallstones to occur, a plasma must be present.
A. Phenomena for 0 t 't laser
The physical phenomena present include laser absorption and plasma production at the stone surface followed by plasma growth. After the plasma is initiated, inverse bremsstrahlung is likely the mechanism for further absorption of the laser light within the plasma, which now shields the solid surface. After the peak of the laser pulse, the plasma decays, on roughly the same time scale as the laser pulse. In an experiment in which gallstones were irradiated by flash-lamp pumped dye lasers (0.4-0.7 jim wavelength, 0.8 or 360 ps pulse length, 1.5 or 0. 1 J maximum energy), measurements were made of time resolved, broad-band (.35 to .45 jim wavelengths) emission from the laser produced plasma [43] . The laser energy was transported to the stone via a 300 jim core diameter fiber optic cable. Information on the time of plasma initiation and the duration of the plasma luminescence was obtained. The experiments showed that a certain time elapses between the beginning of the laser pulse and the onset of visible light emission [cf. Refs. 15 & 31]. The energy deposited during this time, referred to as the threshold energy, is found to be roughly independent of laser pulse width. Threshold fluences for the 0.8 is pulses ranged from 4 to 12 J/cm2 , corresponding to energies of 2.8 to 8.5 mJ. It was found that once the plasma initiation occurred and the peak emission had been achieved, the luminescence decayed with a slightly longer time scale than the driving laser pulse.
Using a gated optical multichannel analyzer and a spectrograph (resolution 0.5 nm), measurements were also made of time-resolved visible emission spectra [43] . The spectra show a broad continuum with line spectra from neutral and singly ionized Ca superimposed. For a time well after the end of the laser pulse, the continuum disappears leaving a rich line spectrum. Analysis of the spectra yields electron density of the plasma in the 1019/cm3 range [43, 44] consistent with modeling using a one dimensional hydrocode [45] . Estimates of the electron temperature were obtained as well. Spectral analysis yielded a temperature of about 15,000 deg. K. [44] while hydrocode modeling gave a temperature of about 5,000 deg. K. [45] . Further experimental work and modeling will be needed to resolve this disagreement.
B. Phenomena for t > t laser
After the laser pulse ends, the plasma expands rapidly and cools. High pressure stress/acoustic waves are generated which propagate into the stone and the surrounding medium. In an experiment using gallstones and kidney stones immersed in water, measurements were made of the stress waves propagating through the stones, and the acoustic waves and cavitation bubble which were found in the liquid [46] . The stress waves were measured using an optoacoustic technique (deflection of a probe He-Ne laser beam by an index of refraction change induced by stress wave propagating in a fixture supporting the stone) and a piezoelectric technique (stone is resting directly on a piezoelectric element). These two measurements agreed and showed that a tenfold increase in signal strength was achieved by immersing the stone in at least .3 cm of water. A similar increase (4 to 5 times) was noted in modeling the plasma pressure directly, for stones in water compared with stones in air [45] . The increased pressures certainly responsible for causing the observed signals are due to the confinement of the plasma between the solid stone and the water [47] . It was also found that the stress wave signal strength scaled as the 1/2 power of the laser fluence, consistent with an ideal gas model [48] .
The acoustic transient was measured by a pump-probe laser technique [cf. Ref. 14]. The acoustic transient propagated at the local sound speed, with no evidence of the hypersonic speeds measured by others [14, 16] . Time resolved measurements were also made of the evolution of the cavitation bubble, using the pump-probe laser technique and microsecond duration flash photography [46, 49] . The cavitation bubble grows, reaches a maximum size and collapses. With maximum measured radii rm of 0.3 cm and 0.42 cm for laser fluences of 21 and 90 J/cm2 respectively, rm proper-tional to the 1/3 power of laser pulse energy is satisfied [28] as we have seen above [cf. Ref. 16] . Using the fact that a photograph taken at time 3.6 jis (relative to the beginning of the laser pulse at t=O) shows the fiber optic tip to have been displaced, one can estimate that a 1 kbar pressure was required to achieve the observed displacement [46, 49] . This pressure is consistent with other experiments [24, 34] and with model studies [45] .
C. Effects of the Laser-Produced Plasmas
The motivation for the gallstone and kidney stone research cited above is that pulsed medical lasers can fragment most types of stones with relative ease. Several studies have been done to quantify the fragmentation effects of dye lasers [50 -52] . Fragmentation threshold, defined as the minimum energy required to produce visible damage on the surface of a target stone, was measured for kidney stones [51, 52] and gallstones [50, 52] . Gallstones showed a uniformly lower fragmentation threshold than all types of kidney stones. Bhatta & Nishioka report a threshold of 3.9 mJ for gallstones and a range of 4.5 to 41 mJ for fragmentable kidney stones (504 nm laser wavelength, 1 j.ts pulse length, 200 im diameter optical fiber) [52] . Longer pulse lengths (8 microsec) give slightly higher thresholds [see Table 1 Fragmentation rate, defined as the amount of mass removed from a stone per laser pulse, has also been investigated for gallstones and kidney stones [50 -52] . In general, it was found that for stones immersed in water or saline, the higher laser pulse energies yielded higher fragmentation rates and larger stone fragments. Fragmentation rates decrease with increasing laser pulse length. Bhatta and Nishioka have found a fragmentation rate of 1.1 mg/pulse for a struvite urinary calculus (50 mJ pulse energy, 504 nm laser wavelength, 1 jis pulse length, 200 p.m diameter optical fiber) [52] . At the same laser wavelength and pulse energy, Watson et al. found a rate of .035 mg/pulse for a calcium oxalate calculus (1.5 is pulse length, 600 pm diameter optical fiber) [51] . This difference in fragmentation rate may be due to the higher fluence used or to important variations in kidney stone material properties.
D. Proposed Mechanism
The mechanism proposed [53] to explain the laser-calculus interaction proceeds as follows. The laser interacts with the opaque stone surface producing a thin localized heated layer. As the heating continues, there is vaporization, liberation of free electrons and plasma formation. Alternatively, there can be material desorption from the stone surface followed by heating and free electron creation in the desorbed material [54] . The plasma continues to absorb the laser light, likely by inverse bremsstrahlung absorption. Then the plasma expands either freely (in air) or mechanically constrained (in water) and creates a back pressure on the stone surface. Evidence of this back pressure has been seen experimentally in the rapid recoil of the fiber optic delivery cable on time scales of the order of a few is [46] . The pressure induces strong acoustic waves (stress waves) within the stone material [46] . These waves are compressive stress waves initially. Upon reflection from internal stone inhomogeneities or from the stone-air or stone-water interface, the waves become tensile stress waves of sufficient strength to fragment the stone [55] . Alternatively, a fragmentation shock wave may propagate through the porous stone material, most efficiently removing material when the laser pulse energy just exceeds the fragmentation threshold [44] .
Iv. LASER PRODUCED PLASMAS IN CARDIOLOGY & VASCULAR SURGERY
Because coronary heart disease is one of the leading causes of mortality in the developed world, the prospect of using lasers to clear plaque filled arteries is very exciting. The procedure, known as laser angioplasty, has been in cmical use for several years. Laser angioplasty utilizes fiberoptic delivery of CW laser radiation to the coronary or peripheral arteries and proceeds by either heating a metal probe which melts the plaque or by direct illumination and ablation of the plaque. CW lasers work well with soft plaque deposits but have not been able to ablate heavily calcified plaque. The process is not without its problems. These include arterial wall perforation, aneurysms, pain and spasm which result from injury of normal tissue adjacent to or underlying the plaque.
Laser produced plasmas in this area of medicin.e have not yet reached the clinical setting. Several studies [56 -60] have shown that the phenomena which we have discussed above, namely visible light emission, acoustic transients and material removal, are all present here. Laser pulses of short duration (tens of ns to tens of is), moderate energy (tens to 100 mJ), and small spot diameters (hundreds of jim to a few mm) with wavelengths from 193 nm to 658 nm were used. Studies were all done in vitro for atherosclerotic and normal arterial samples in air, saline or blood. We discuss below the phenomena and the effects.
A. Phenomena for 0 t 'r laser
During the laser pulse, a plasma is formed which emits light at visible wavelengths. The plasma likely persists for the duration of the laser pulse (although no measurements of this plasma's lifetime have been reported). Experiments were performed with excimer [59] and dye [57] lasers to obtain time integrated [59] or time-resolved [57] emission spectra, and time-integrated plasma luminescence [57] (see Fig. IV-l) . In the work of Clarke et a!. [5911, pulsed excimer lasers (wavelengths 193 nm, 248 nm, 308 nm and 351 nm; energy 100 to 250 mJ; spot dimensions 1 x 5 mm) were used to irradiate carviovascular tissues exhibiting atherosclerosis. Plasma formation was always observed for tissue samples in air but never for experiments in water (although the authors showed plasma production in water with a highly absorbing graphite target). Time-integrated visible light spectra showed the rich line structure similar to those observed in the case of laser irradiation of gallstones [43] . Prince and co-workers [57] used a dye laser (wavelength 658 nm, energy approximately 100 mJ, pulse length 0.8 jis) to irradiate both calcified arterial plaque and normal artery. They found an emission spectrum, taken during the laser pulse, which exhibited line structure and a superim- A crucial problem for CW laser angioplasty and plasma-mediated laser angioplasty is how to know whether the laser is encountering arterial plaque or healthy tissue. The unique presence of Ca lines in emission spectra, detected in light which returns through the same fiber used for irradiation, offers the prospect of an unequivocal diagnostic [59] . Broadband light emission was also observed by Bhatta, Rosen and Dretler [60] who used it and the concomitant acoustic emission as a tandem diagnostic to discriminate calcified plaque from normal artery.
B. Phenomena for t >'t laser
Following the laser pulse, acoustic wave emission takes place. Observations of a loud snapping sound accompanying plasma production were reported in all the cited references [56 -60] . Acoustic signals were detected by a hydrophone (with frequency response to 350 kHz), in the experimental work of Bhatta, Rosen & Dretler [60] . A dye laser (wavelength 504 nm, energy 5-50 mJ, pulse duration i.4 is) was used to irradiate specimens of human aorta with calcifled plaque, soft plaque, and normal arterial wall. The acoustic signals, occurring along with plasma light emission signals, provided a unique signature for laser ablation of calcified or soft arterial plaque in blood. Normal arterial wall produced negligible acoustic and plasma light emission signals while blood alone yielded strong acoustic signals only. The structure seen at early time in the hydrophone signals may be due to the initial acoustic transient and first 
C. Effects of the Laser-Produced Plasmas
The object of laser angioplasty is to efficiently remove atherosclerotic plaque with minimal effect to underlying healthy tissue and minimal collateral impact on the vascular system. To accomplish this task, optimum laser parameters of wavelength, pulse length and pulse energy need to be identified. In vitro studies [56 -58] have begun this process; ablation thresholds, ablation rates and characteristics of ablation fragments have been investigated. The ablation threshold is the laser energy at which observable tissue ablation is obtained. The ablation rate (or ablation efficiency) is the mass removed divided by the total energy delivered.
Ablation thresholds were measured for several laser wavelengths, in saline and air, for calcified plaque and normid artery [57] . General conclusions are that the dye laser (wavelengths 450 to 700 nm, pulse duration i ps) yields thresholds for calcified plaque lower by more than a factor of two than the ablation thresholds for normal artery. For example, at 482 nm wavelength, the threshold for calcified plaque in air or water is 34 mJ compared to the 80 mJ threshold for normal artery. The effect of laser pulse length on ablation threshold was studied by LaMuraglia et al. [58] at 480 nm, Thresholds generally increased with increasing pulse length reaching 90 mJ for calcified plaque and Systematic measurements of ablation rates were made [56 -58] for normal artery and calcified and fibrous plaque using a dye laser (wavelength 480 nm). In general, every sample of atherosclerotic plaque ablated more efficiently than every sample of normal artery. Ablation in saline was more efficient than ablation in air. Finally, efficiency showed a marked drop for a 50 jis laser pulse compared to results at 1 and 8 is. The important lesson to be learned from the data [see Table 1 of Ref. 56, Table 2 of Ref. 57, and Table II of Ref. 58] is that the plasma-mediated ablation process for dye lasers is very selective. That is, it is considerably easier to ablate calcified or fibrous plaque than it is to ablate normal artery for the same laser conditions. For example, the ablation rate for calcified plaque is 4.1 mg/J while normal artery ablates at a rate of .05 mg/J for 80 mJ pulses, 1 j.ts in duration [58] (see Fig. IV-3 for a compilation of ablation rates).
Laser angioplasty removes undesirable material from the arteries. If the plasma-mediated approach is to be adopted clinically, detailed knowledge of the sizes of removed particulate material must be known. Such material may be large enough to block small arteries, if the particulates enter the blood stream. The ablation of calcified plaque by dye laser under saline produces debris [56, 57] . Microscopic examination shows that tissue fragments and occasional cholesterol crystals are present [56, 571 . Most of the fragments are under 20 jim in size although there are occasional fragments up to 100 jim. No systematic examination of these fragments has been made, however.
V. CONCLUSION
Much has been learned, over the last 25 years, of laser-produced plasmas in medicine with regard to the plasma phenomena present and the plasma's direct and indirect effects. We expect that future work in ophthalmology will take advantage of the localizabiity possible with the shorter laser pulse lengths and lower threshold energies. Laser lithotripsy will continue to provide an alternative therapy choice to uitrasound lithotripsy. We look for the introduction of percutaneous (through the skin) procedures in the area of gallstone lithotripsy. New avenues are anticipated in plasma-mediated laser angioplasty, particularly ones which take advantage of the efficiency of material removal of the calcified plaque and solve the problem of release of particulates into the blood. Progress in all these areas must rely upon further in vitro research on plasma and mechanical tissue characterization and theoretical modeling. -10000 
